INTRODUCTION
Fundamental functions of columnar epithelial cells are maintained through the segregation of particular membrane proteins and lipids to the two domains, basolateral and apical and characterize thus the structural and functional polarity of these cells. Proteins destined for these surfaces possess various types of structures or motifs that are recognized by specific sorting mechanisms in the trans-Golgi network (TGN) 1 and are subsequently delivered via separate vesicles to the correct surface domain (1;2). The failure to sort proteins to the correct domain often results in pathological conditions (3;4) . Sorting is therefore a critical mechanism by which the function of sorted proteins in particular and hitherto cellular function in general is maintained. Sorting signals are diverse and operate hierarchically (5) . Basolateral signals are usually located in the cytosplasmic tails of transmembrane proteins and are capable of targeting proteins in epithelial cells (6) (7) (8) (9) (10) (11) (12) , or cell body of neurons (13) (14) (15) (16) (17) . Apical sorting signals are not as unique, are less well defined and they can be located in the luminal, membrane or cytosolic domains of the targeted protein. Structurally diverse apical signals are known that are encoded in the proteinaceous, carbohydrate or lipid moieties of the sorted proteins. Glycophosphatidyl inositol (GPI) membrane anchors direct proteins to the apical surface of several types of epithelial cells (18;19) via association with detergent-insoluble membrane domains enriched in glycosphingolipids and cholesterol (20) in the TGN (21;22) .
N-linked glycans on some secreted proteins may mediate apical transport (23) , although this mechanism does not apply to all secreted proteins (24) (25) (26) (27) . Another type of glycosylation, Oglycosylation, has been demonstrated to be important in directing the neurotrophin receptor and intestinal sucrase-isomaltase (SI) to the apical membrane (28) (29) (30) . Finally, carbohydrateindependent sorting signals, most likely protein subdomains, are implicated in the sorting of intestinal lactase-phlorizin hydrolase and many other proteins (31) .
In this paper we investigate the role of glycans in the sorting of a heavily N-and Oglycosylated glycoprotein, dipeptidyl peptidase IV. This protein is usually sorted with high fidelity to the apical membrane of intestinal cells (32) . By virtue of its convenient structural features DPPIV serves as an exquisite model protein for analyses aimed at elucidating the sorting behavior and sorting signals of proteins.
DPPIV is a type II membrane glycoprotein that is synthesized with an uncleavable signal sequence that functions as a membrane anchoring domain (33;34) . Processing of the 100-kDa mannose-rich DPPIV species to the 124-kDa complex glycosylated mature form includes an extensive O-glycosylation event, mainly in a Ser/Thr-rich stalk domain juxtapose the membrane anchor (35) . After maturation in the Golgi apparatus, DPPIV is transported to the apical membrane, either directly from the TGN or along the transcytotic pathway through the basolateral membrane (32) . In Caco-2 cells at least 85% of newly synthesized DPPIV are expressed at the apical membrane and in steady state determinations and in pulse-chase experiments DPPIV is entirely found at the apical membrane after prolonged chase periods (32) . These observations indicate that the transcytotic pathway is not the major sorting event otherwise substantially more DPPIV would be present at the basolateral membrane.
The identity and location of the sorting signals of DPPIV as well as the sorting mechanism
have not yet been investigated in great details. Recent data have proposed O-glycosylation to be crucial for apical sorting (36) . A possible role of N-linked glycosylation remains endoglycosidase F/N-glycopeptidase F; VIP36, 36kDa vesicular integral membrane protein; Triton X-100, TX-100 undetermined and recent data have excluded sialic acids on N-linked glycans being implicated in the sorting event of DPPIV (37) .
The main purpose of this paper is to delineate the mechanism by which DPPIV is sorted to the apical membrane in Caco-2 cells. We show that O-glycans play a role in the sorting event.
However, a high sorting fidelity is substantially strengthened by the presence of complex glycosylated, but not mannose-rich N-linked glycans. Furthermore, DPPIV associates on its way to the brush border membrane with TX-100-insoluble cholesterol-rich microdomains, whereby sphingolipids do not constitute a critical structure of these domains.
EXPERIMENTAL PROCEDURES
Biosynthetic Labeling and Treatment of Cells -Caco-2 and HT-29 (38) cells were cultured in 10 cm Petri-dishes or on membrane filters (Falcon, Plymouth, UK) as described previously (36) and were usually labeled biosynthetically at day 6 after confluence. When used, benzylGalNAc, an inhibitor of O-glycosylation (39), swainsonine, an inhibitor of mannosidase II (40) , fumonisin, an inhibitor of sphingolipid biosynthesis (41) or ß-cyclodextrin for cholesterol depletion (42) were present in the culture medium during preincubation of the cells in methionine deficient medium and during the labeling intervals essentially as described before (36) . The final concentration of benzyl-GalNAc was 4mM, that of swainsonine was 4 µg/µl, that of fumonisin was 10 µM and that of ß-cyclodextrin was 50 mM (all reagents were obtained from Sigma, Deisenhofen, Germany)
Cell Surface Immunoprecipitation-Metabolic labeling of Caco-2 or HT-29 cells grown on filters or plated in six-well culture dishes was performed as described previously (28 immunoprecipitates with endo-ß-N-acetylglucosaminidase F/glycopeptidase F (endo F) was performed as described previously (46) . Analysis of proteins on was performed on 6% slab gels according to Laemmli (43) . This sorting pattern persisted through out 4 h of chase. In the presence of benzyl-GalNAc a shift in the sorting behavior of the modified DPPIV c/benzyl glycoform to the basolateral membrane could be discerned (Fig. 2) . At 1 h of chase almost 25% of the DPPIV c/benzyl glycoform were found at the basolateral membrane and the proportion of basolaterally-located 
RESULTS

Inhibition of O-Glycosylation by Benzyl-GalNAc -
Modification of N-and O-Linked Glycans Does not Affect the Folding Pattern of DPPIV-
The drastic effects of N-and O-linked glycosylation on the sorting of DPPIV raise the question whether the carbohydrates are directly implicated in the sorting event or their modification has altered the folding of a protein epitope that comprises the sorting signal. To examine the folding pattern of the various glycoforms of DPPIV we analyzed the sensitivity of these forms towards trypsin and the V8 protease. The rationale is that a change in the folding pattern would be associated with an altered accessibility of the protein towards the proteases. As shown in Fig. 3 the various glycoforms of DPPIV did not reveal differences in their band pattern upon treatment with trypsin and in all these cases no additional bands were discerned after trypsin treatment of DPPIV c/benzyl or DPPIV c/benzyl/swa . This result strongly suggests that gross structural alterations did not occur in DPPIV after modification of the carbohydrate chains in the Golgi, the site of action of benzyl-GalNAc and swainsonine. These findings were corroborated by employing another protease, the V8 protease. Fig. 3 shows that the control fully glycosylated DPPIV and the underglycosylated DPPIV glycoforms were claeved in the same way by the protease. In fact, in each case two major polypeptides were revaeled that varied in their apparent molecular masses depending on their undergöycsolation pattern.
Moreover, the labeling intensities of these glycoforms were in all cases comparable reminiscent of similar susceptibilities of the various DPPIV glycoforms to the digesting protease. Altogether, these data strongly suggest that the folding pattern of DPPIV was not altered due to the variations in the glycosylation pattern in the presence of benzyl-GalNAc, swainsonine or both. Furthermore, the results are in line with current concepts of protein folding, which have established that major folding events of membrane and secretory proteins including acquisition of a mature, transport-competent form occur in the ER (47) . The data together indicate that variations in the glycosylation pattern are associated with an increase in the detergent extractability of DPPIV with TX-100.
Sorting of DPPIV implicates its association with lipid rafts -
The association of DPPIV and other proteins with cholesterol/sphingolipid-rich membrane microdomains could be also examined by immunoprecipitation of the detergent-insoluble pellet after ultracentrifugtaion of the cellular detergent extracts (Fig. 5 ). As shown in Fig. 5A the complex glycsoylated DPPIV was recovered in the TX-100-insoluble pellet supporting the results obtained above using gradient centrifugations. As a control we used intestinal brush border sucrase-isomaltase that is expressed in Caco-2 cells and is sorted to the apical through O-glycans and association with lipid microdomains. Here too, complex glycosylated sucraseisomaltase was recovered in the pellet. We next assessed the specificity of the interaction of DPPIV and the two major constituents of the membrane microdomains, sphingolipids and cholesterol. For this the synthetic levels of these lipids were regulated by using inhibitors of key reactions along their biosynthetic pathways. 
The Effects of Fumonisin and ß-Cyclodextrin on the Apical Sorting of DPPIV c -As shown
above, the detergent extractabilities of DPPIV c with TX-100 were altered upon inhibition of sphingolipid synthesis by fumonisin and cholesterol depletion by ß-cyclodextrin. We examined the sorting behavior of DPPIV c in the presence of these two reagents using Caco-2 cells grown on membrane filters and biosynthetically labeled in the presence or absence of fumonisin or ß-cyclodextrin. Cell surface immunoprecipitation revealed that DPPIV c partially shifted to the basolateral membrane in the presence of fumonisin (Fig. 6) . A higher effect on the targeting of DPPIV c was obtained when cholesterol was depleted in the presence of ß-cyclodextrin. Here, more than 35% of DPPIV c were found at the basolateral membranes supporting the notion that cholesterol plays a more decisive role in the trafficking mechanism of DPPIV than sphingolipids.
The Effect of N-and O-Glycosylation on the Sorting Behavior of DPPIV and Its Membrane
Association in HT-29 Cells -To determine whether the effects observed in Caco-2 are not cell specific we used another human colon cell line, HT-29, that expresses at confluence and differentiation adequate levels of endogenous DPPIV at the apical surface (51). Similar experimental protocols were utilized to examine the influence of swainsonine and benzylGalNAc on the trafficking and membrane association of DPPIV. Fig. 7A demonstrates that DPPIV is predominantly delivered to the apical surface (almost 80%) of HT-29 cells and is only partially found at the basolateral membrane confirming previous data (51). In the presence of benzyl-GalNAc O-glycosylation was substantially affected as assessed by the marked reduction in the apparent molecular weight of DPPIV (Fig. 7B) . The apical sorting of this DPPIV glycoform was partially affected, since almost 65% were now transported to the apical membrane. In the presence of swainsonine a reduction in the apparent molecular weight was also observed due to inhibition of the processing of N-linked glycans (Fig. 7B) . As in the case of benzyl-GalNAc a partial effect on the apical sorting of this DPPIV glycoform was observed, since more than 35% of this species was found at the basolateral membrane. In the presence of both inhibitors and in a fashion similar to Caco-2 cells, the strong sorting fidelity of DPPIV to the apical membrane was further impaired. Here, more than 42% of the DPPIV molecules were found now at the basolateral membrane. It is obvious that the role of Nglycans in the sorting of DPPIV in HT-29 cells is more pronounced than in Caco-2 cells.
However, similar to Caco-2 cells the sorting of DPPIV in HT-29 cells requires intact structures of both types of glycosylation.
In a fashion similar to the effect on the apical delivery of DPPIV, the inhibitors exploited also specific effects on the association of this protein with lipid microdomains. Thus, in the presence of benzyl-GalNAc or swainsonine an increase in the TX-100-detergent solubility of DPPIV and thus reduction in its association with membrane microdomains was observed (Fig.   7B, C) . Compatible with the sorting behavior, however, a stronger effect on the detergent extractability of DPPIV was generated when both inhibitors were present in the labeling medium of HT-29 cells. Here, almost 90% of the DPPIV glycoform was now recovered in the supernatant as compared to 75% in the control cells (Fig. 7B,C) . DPPIV was isolated by immunoprecipitation and the immunoprecipitates were treated or not treated with endo F followed by SDS-PAGE analysis. stopped by boiling in SDS-PAGE sample buffer followed by SDS-PAGE analysis on 8% slab gels. 
DISCUSSION
